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Abstract

The supercavitating underwater vehicle is affected by the hydrodynamic forces acting on the cavitator, body and fins, and thrust
force of the engine, and these external forces affect the natural vibration of the supercavitating underwater vehicle. Accurate
analysis of natural frequencies and natural modes has a great importance in the structural design of supercavitating underwater
vehicles. In this paper, a Euler-Bernoulli beam model with a non-uniform cross section was applied to analyze the natural
vibration characteristics of the supercavitating underwater vehicle more accurately. Also, the force characteristics acting on the
supercavitating underwater vehicle with different speeds, angles of attack, cavitation numbers, fin positions and mass variations
were analyzed and the natural vibration characteristics were analyzed by applying the Riccati transfer matrix method. The main
influence of the natural vibration characteristics on the analysis of the natural vibration characteristics of supercavitating
underwater vehicles by applying the Euler-Bernoulli beam theory through the calculation results is the distribution of the axial
force formed by the total external force and the mass change characteristic. Also, the natural vibration characteristics of the
system are sensitive to changes in cavitation number, angle of attack, vehicle velocity, fin position, and mass distribution, so that
the change in the characteristic of the system can be accurately analyzed to ensure the reliability of the structural design.
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1. Introduction

With the intensified research on supercavitating underwater
vehicle, more accurate, faster and easy analysis of structure
vibration of the vehicle is important in putting the design of
the vehicle structure on a scientific basis and reducing the
cost.

In general, the characteristic of the longitudinal force acting
on the vehicle, including missile, changes its natural vibration
characteristics [1]. In particular, during the initial starting and

accelerating motion, various control forces are generated,
which complicate the external force acting on the vibration
characteristics of the underwater vehicle.

Changes in the structural response due to external force
and internal structural changes in the supercavitating
underwater  vehicle change the natural vibration
characteristics of the system.

Especially, electrical components, including the control
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unit, are very sensitive to high frequency vibrations of
20-2000 Hz [2]. Therefore, the characteristic of the natural
vibrations in the design of the electrical element substructure
should be analyzed more accurately.

Theoretical studies on various structural vibrations of
supercavitating underwater vehicles have already been
studied by many engineers.

YANG Chuan-wu et al. [3] analyzed the longitudinal
vibration modeling method of supercavitating underwater
vehicle and the effect of time-dependent dynamic loading on
the natural vibration characteristics in their study on the
effect of axial dynamic loading on the vibration
characteristics of supercavitating underwater vehicle.

Alyanak E et al. [4] applied finite element analysis method
to analyze the structural response of supercavitating
underwater vehicle and proposed an optimization method for
structural design problems with reasonable natural
frequencies to avoid resonance.

Kunlkarni S S et al. [5] presented a mathematical model
for the analysis of the dynamic characteristics of a
super-cavitating underwater projectile in their study of the
structural vibration of a super-cavitating projectile and
discussed the problems of numerical stability.

In the analysis of the previous literature on structural
vibration analysis of supercavitating underwater vehicle,
structural vibration was considered by applying finite
element method and shell theory, but the natural frequency
variation characteristics of structural vibration with varying
external  force characteristics and mode change
characteristics were less discussed.

In the study of structural vibrations of missiles, the
Euler-Bernoulli beam theory and the Timoshenko beam
theory are used as the basic theories important in the
formulation of governing equations of structural vibrations
[1].

Vernon et al. [6] studied the structural vibration of a
missile considering the influence of rotary inertia and shear
deformation. Numerical results showed that the effects of
rotary inertia and shear deformation have no significant
effect on the low-order natural vibrations.

Many methods used in vibration studies of discrete beam
structures include finite element method, separation of
variables and multi-system transfer matrix method [1, 7, 8,
14].

The interest in the analysis of the natural vibration
characteristics of beam structures, such as supercavitating
underwater vehicles, is the application of the multibody
transfer matrix method.

Gangli Chen et al. [1] applied the transfer matrix method
model in the study of missile structural vibrations under

constant axial loading. Analyzing the computational results,
the Riccati transfer matrix method is superior in terms of
computational cost reduction, solution stability and accuracy
of the computational results in the application of finite
element method, separation of variables and transfer matrix
method [9].

In this paper, the natural vibration characteristics of
supercavitating underwater vehicles are analyzed by
applying the supercavitation theory, the Euler-Bernoulli
beam theory and the Riccati transfer matrix method.

The paper is organized as following 6 sections. In Section
2, based on the supercavitation theory, a mathematical model
is developed to analyze the hydrodynamic force
characteristics acting on the supercavitating underwater
vehicle. The Vasin model for cavitation profile determination,
hydrodynamic resistance determination of disk cavitation
generator, fin resistance and gliding force characteristics
with immersion depth were analyzed. In Section 3,
mathematical modeling of structural vibrations of
supercavitating underwater vehicles under static equilibrium
conditions and different motion conditions is carried out to
analyze the factors that have a major influence on structural
vibrations. In Section 4, the natural vibration characteristics
analysis of supercavitating underwater vehicle is analyzed by
applying the Riccati transfer matrix method, and an example
of its calculation is presented in Section 5. In Section 5, the
analysis of the natural vibration characteristics of the drag
with velocity variations, angle of attack variations, position
variations of the fin and mass variations under different
constant-speed conditions is carried out, and conclusions are
drawn in Section 6.

2. Hydrodynamic Force Analysis on a
Supercavitating Underwater Vehicle

For a supercavitating underwater vehicle to travel at high
speed, the vehicle is subjected to thrust and various
hydrodynamic forces, thereby changing the natural vibration
characteristics of the vehicle.

Many studies have been carried out on the hydrodynamic
forces acting on the supercavitating underwater vehicle and
the external force acting on the natural vibration
characteristics.

The external forces acting on the supercavitating
underwater vehicle are the resistance acting on the cavitator,
the planning force determined by the wetting characteristics
of the drag at the interface of the cavity, the control force
acting on the guide vane, and the thrust force and gravity.
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Figure 1. Forces acting on supercavitating underwater vehicle.

These hydrodynamic forces are determined by the
cavitation characteristics.

In representing cavitation, a dimensionless number called
cavitation number is used mainly, whose physical expression
is as follows. [10].

_ Po—Py
g, = 2
1/2pV

1)

Where, P, is static pressure at a depth

P, - saturation pressure of water

p — water density

V — vehicle velocity

The resistance acting on the cavitator depends on
cavitation number, which is expressed by the following
formula.[11].

For a disk cavitator with an angle of attack for horizontal
flow, the hydrodynamic force acting on it is expressed as

2
Fyo = %stn )
where C, is the drag coefficient, which depends on the
cavitation number and is determined by following empirical
value.
Cx = CDO(l + O‘), CDO = 0.82 (3)
S, is the area of the cavitator, which is calculated with
respect to the diameter D,,.

DZ
o =28 @
If the cavitator has an angle of attack «, the resistance F,,
and lift F;,of the cavitator are [12, 13]:
(®)

Fox = Fycos® a
F,, =Fycosasina

(6)

By using Vasin’s cavitation model, the cavity profile
formed by such a disk cavitator is expressed as [11, 12]:

D, = D, 222 )
Le = Dy |25 210 (2) ®)
RGO =1 Z(2-E)0z-Dp+di O

where D, is the maximum diameter of the cavity, L. is the
cavity length, and R.(x) is the cavity radius with respect to
the position.

Then the rise height h,(x) due to the action of gravity is
determined by experimental formula as follows [11].

_ (1+0)x3
hg (x) = 4.5FT 2

(10)

where X is the dimensionless length, Fr; is the Froude
number and is

;=2
=2 (1)
v
Fr, = oL, (12)

Also, the distortion height h,(x) due to the angle of
attack is determined by experimental formula as follows
[11].

ho(X) = Cpy(1+ 0)(6 + 6,)R, (046 — 0 + 2) (13)

where 6 is the body attitude angle and &, is the attack
angle of a cavitator.

When an underwater vehicle is placed in this determined
cavitation profile, the force acting on the stabilizer fin under
different submergence conditions is expressed as [13]:

1

where, Cr,- fin drag coefficient, which is determined as
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Crx = 0.185(1 + 20,,) (15)

hs- immerged depth of fin

dg- fin thickness

0,- cavitation number

When the underwater vehicle is in a gliding state, the

planning force acting on the underwater vehicle is expressed
as follows [15]:

1
Fpx = EpVZCpXAW

16)
R' \% [ 1+n' (
Fpy = Cpy (1 - h’—R’) (1+2h’) ap
Where C,x = 0.031Re,, "/’
Vi
Rew = pT
u- dynamic viscosity of the water
L,,-wetted length
Cpy = TPR?V?
a, - wetting angle
(R—Rc+6L Rc—R
——,0>
, R-R. Rc—R
h'= 0, —<0<—— a7
R—R.—0L R—R.
t R s 6 < L

3. Mathematical Modeling

When the supercavitating underwater vehicle is moving
underwater, the vehicle is translating and rotating around its
center of mass under the influence of the external forces.

Then, from Newton's second law, the translational and
rotational accelerations are determined as follows (Figure 1).

T-Fpx—Frx—Fcx
axy = T (18)

F"li:I

The internal shear force in the vertical direction due to the
influence of the external forces is

dFy; =dm- (ayM + (X —Xy) - BZM) (23)

T —ayy (25;11 my + %mi):
T = Fpy — axy (2;11 my + %mi)»

. 1
T —Fpx — Frx — axy (Z;c=11 my + gmi)»

_ Fpy+Fry+Fcy—Ppm

yyy = TP (19)

Fpy(Xp—Xm)+Fry(Xg—Xm)+Fcy(L—Xm)
Y mi(Xi—Xm)?

Bzm = (20)

Let us consider the free vibration characteristics of a beam
under the action of external forces. The beam model uses the
Euler-Bernoulli beam model. First, let us consider the
internal force characteristics acting on an infinitesimal
element caused by external forces (Figure 2).

Figure 2. Forces acting on an infinitesimal element with uniform
cross-section.

The internal force in the horizontal direction caused by the
effect of the external forces acting in the horizontal direction is
del = dm - aXM (21)

Hence, the horizontal compressive force F,,; acting on
the i component is expressed as

X; < Xp
Xp < X; < X; (22)

Xp <X <L

Hence, the vertical force Fyli acting on the i element is

expressed as

- <Z§c—:11 my (aYM + (ﬁZM(Xk - XM)) + %mi(aYM + Bz (Xi — XM))) X < Xp

yi; —

Fpy — (22;11 my (aYM + P (Xie — XM)) + %mi(aYM + B (X — XM))) Xp < X; < Xf (24)

. " 1
kFPY + Fry — (Z;c=11 my (aYM + bz Xy — XM)) + Emi(aYM + Bz (Xi — XM))) X< X; <L
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The shear force generated in the vertical direction are

dMyl = dX ) Fyl (25)

Hence, the internal bending moment M,,, acting on the i element is expressed as

i mk(aYM + B Xy — XM)) Xi — X)),
—Fpy(X; — Lp) + Z;‘c_=11 mk(aYM + Bzm Xy — XM)) X; — Xi),

MZli =

X; < Xp
Xp < X; <X/ (26)

—Fpy(X; — Lp) — FfY(Xi - Lf) + X mu(aym + Bz K — X)) (Xi — Xp) Xr<X; <L

To investigate the free vibrations when a beam is
subjected to external forces., the displacements are assumed

to be the sum of the static and vibrational
displacements.[16].
Uy = Uyg T Uy (27)
Uy = Uyg + Uy (28)

Where u,,- x directional static displacement

u,,-y directional static displacement

Uu,.o- x directional vibrational displacement

uyo- y directional vibrational displacement

When applying the Euler-Bernoulli beam theory, the force
balance condition gives the following relation:

dFy

From Eqg. (31), the x-direction force balance of the dx
infinitesimal element is given by

d%u,
dx2

pAii,dx — EA dx =10 (33)

Dividing the vibration displacement and the static
displacement, the Eq.(33) is expressed as following Eq.(34)
and Eq.(35).

. 92
pAily, — EA a;;“’ =0 (34)
62
pAayy, — EA —a)‘:;“ =0 (35)

The moment balance condition for the right end point of
the dx infinitesimal element is established as

o = —PA(axy +iix) (29)
Fydx — (M, + 22dx) + M, + F,Z2dx =0 (36)
dF, .
d_; = _PA(ayM + (X —Xy)  Bzm + uyO)
(30) By ordering Eq. (36), taking partial derivatives with
respect to x and neglecting inertia term pAaXMaaﬁ &
The following relationship holds for the material 2% x
mechanics: E, (#) the following relation holds.
_ duy F, 92M 0%u
F, = —-EA—= 31 Py oM %Y =
* ox 31) ax dx2 MR ( dx2 ) =0 (37)
M, = _El‘j_”g (32) Taking into account Eq. (30) in the above equation, the
x following relation is obtained:
Elu,® + Fou," + pAiiyg — pA(ayy + (X — Xy)Bzm) = 0 (38)

Separating the static and vibrational displacements, the
following equations are obtained:

Eluye™ + Fouyo" + pAilyy = 0 (39)

Eluy1(4) + quylu - pA(ayM + (X - XM),BZM) =0
(40)

As can be seen from Eq. (34) ~Eq. (39), the static force
action causes the longitudinal and bending static deformation
of the beam, and the contribution to the vibration is the
component of the x-direction force.

This is consistent with the free vibration results of beams
subjected to axial compression loading when considered in
the Euler-Bernoulli beam theory [1].

4. Analysis of the Natural Vibration
Characteristics by RTMM

RTMM is a transfer matrix method that introduces the
Riccati transformation.

RTMM is a method that makes the analysis of high-order
natural frequency characteristics more accurate by improving
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the numerical instability of the solution significantly by only
initializing the boundary value problem compared to the
transfer matrix method [1].

When performing free vibration, the vibration
displacements u,o(xq,t), Uyo(xy,t), angular displacement
0,0 (x4, t), internal bending moment M, (x,,t), and internal
force Fyo(xy,t),Fyo(xq,t), respectively can be written in the
following form:

Fx()(xli t) = Qx(xl)eiwt (45)
Fyo(x1, ) = @y (x,)e™" (46)

Where w is the natural angular velocity of the vehicle
and i = v—1 denotes the imaginary unit.

Also, X(x1),Y(x1), M;(x1),Q(x;) and Q,(x;) are the
corresponding displacement, angular displacement, internal
bending moment and mode coordinates of internal force,

Uy (X1, 1) = X (x)e™" (41)  respectively.
_ The general solution of the equation (34) and (39) is
Uyo(xy, 1) = Y (x;)e™" (42)  expressed as
0,0(x1,t) = 0,(x;)e'®t (43) X(x;) = Ascos B x; + Agsinffx; (48)
Myo(xq,t) = Mz(x1)eiwt (44)
Y(x,) = Aycosh Ay x; + A, sinh A, x1 + Az cos A, x1 + Ay sin A, xq (49)
where A;,A,, A5, A, are constants that satisfy both M, = EI— (53)
boundary conditions and initial conditions of transverse dx}
bending vibrations of the beam, Ag, A, are constants that an
satisfy the boundary and initial conditions of longitudinal Qy=TO, +_= (54)

vibrations, and 8 = w+/pA/EA.
A, Ay is expressed from the characteristic equation A* +
br2—c=0 with four roots, which are

i\[—b/2+,/(b2/4)+c , ii\/b/2+,/(b2/4)+c ,

follows:

A :\/—b/2+,/(b2/4)+c (50)

Ay = \/b/z +.J(b%/4) + ¢ (51)

From the transverse bending mode Y and Eg. (39), the
angular displacement 6,, the internal bending moment M,

From the horizontal vibration mode X, the internal

compressive force Q, is

ax

Q= —EA_ - (85)

dxq

To apply the transfer matrix method, the state quantities of
the two ends of a beam with uniform cross-section can be
defined as follows:

Z(x1) = [X,Y,0,,0Q,, Qy]£1 (56)

Eq.(48)-Eq.(55) can be written in matrix form as follows.

. . Z(x1) = B(x))A (57)
and the Y-direction internal shear force @, are expressed as
o In Eq.(57)
z = a (52)
Cy 0 0 0 S5 0
I[ 0 ch sh c1 0 Sq ]I
0 Alsh /116}1 _/1251 0 /12(,‘1
B =1 EI22ch EI22sh _ElA2c, 0 —151/1251 l (58)
[,b’EAs2 0 0 0 —BEAc, ‘
0 (EIAZ3 + TA)sh (EIA3 +TA)ch (EIA3 —TA,)s, 0 (T2, — EI)LZ)C1
Where ¢, =cosBx;, , Ss,=sinfx;, , ch=
coshAd;x; , sh=sinhl;x; , ¢ =coslyx; , S = A =[Ag, Ay, Ay, Ag, Ag, Ay]T (59)

sin; x;


http://www.sciencepg.com/journal/ijfmts

International Journal of Fluid Mechanics & Thermal Sciences http://www.sciencepg.com/journal/ijfmts

The coefficient matrix A; in the 1% element is expressed ~ where U(x;) is the transfer matrix and the transfer matrix in
as the ith beam region with uniform cross-section is expressed
as follows:
A=B"10)z(0) (60)
Uy = Ui(Ly) (62)
Substituting Eq.(60) into Eq.(57)
According to the principle of transfer matrix method, the
Z(x,) = B(x,)B(0)Z(0) = U(x,)Z(0) (61) transfer matrix of the whole domain of the vehicle is
expressed as

Uay = Up(dL;) -+ U (L) Uy (Ly) = (63)

U41 U4-2 U43 U44 U4-5 U46

eigen-frequency of long-chain systems. The main reason is
that the hyperbolic functions contained in the transfer matrix
have no restriction on (0,+c0) with monotonic growth.

Also, in the calculation of the transfer matrix of the whole

The free boundary conditions of the underwater vehicle
are

- T

Z10 = [X.7,0,,0,0,011, (64) system, the round-off errors accumulate and rapidly increase

r with increasing frequency, leading to numerical instability.

Zni1n = [X,Y,0;,0,00ln410 (65) To overcome this, we must introduce the Riccati

transformation. The state vector Z is divided into two parts as
From these boundary conditions, the characteristic  follows:

equation is obtained as follows:

Ziy1i = [Za Zb]iT+1,i (67)
U41 U4-2 U43

Aryy(@) =|Us1 Usy Us3| =0 (66) Zaiv1i = XY, 0,111, (68)
Us1 Usz Usgs

T
i+1,0

Zb,i+1,i = [Mz' Qx' Qy] (69)

From the solution of the characteristic equation by TMM,
the calculation of the natural angular frequency is easy to
program and has a high computational speed [1]. However,
numerical instability can be found in high-order
eigenfrequency calculations or in the calculation of

The transfer matrix of the i” beam segment is divided by

[t 0 0 0 ws O 1
| 0 uxp Uz Uy 0 Uy
0 us; usz uzy 0 uz [Uu U12]
U, = = 70
' 0 up Wz Uy 0 uy Uzr Uzl (70)
us; 0 0 0 wuss O
l 0 Uz Ugz Uss O ueeji
The relation between the left state vector and the right  vectors Z, and Z,, we can write [1]:
state vector of the ith beam segment interval is expressed by
the transfer matrix as follows: Zyiic1=Sii-1Zqii-1 (72)
Z, _[Uin Ui2] [Za where S;;_, is the Riccati transformation matrix at the
z T s Uyl 1z (G4
blit1,i 21 Y22l eblyiq junction i, i-1.
Substituting Eq.(72) into Eq.(71).
Setting the Riccati transform S between the substate
-1
Zpiv1i = (UZLi +Us2iSi-1) (Unni + Ur2:Sii-1) Zajivni (73)
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Finally, from Egs. (72) and (73), the Riccati transformation matrix is expressed by the following recursion relation:

5i+1,i = (U21,i + Uzz,iSi,i—1)(U11,i + U12,iSi,i—1)_1’i = 1:_71

From the boundary conditions at both ends of the free end,

* 75
{Zb,1,o =0 (75)

Za n+in #0
e 76
{Zb,n+1,n =0 ( )

From Eq.(75)

51’0 = 0 (77)
Zb,n+1,n = n+1,nZa,n+1,n =0 (78)

Aprum (@) = {H?:l Sgn[det(UlLi + U12,L‘Si,i—1)]}det(5n+1,n) =0

Hence, the transfer matrix relationship of each beam

element can be used to calculate the mode.
{ZI,O = B;(0)4, (81)
Zn+1,n = allZI,O = UallBl(O)Al

From the above expression, we can find the constant factor
Ay = {As, Ay, Ay, Ag, Ag, ALY using the boundary condition
{Zb,l,o = 01x3

_ and apply the transfer matrix to determine
Zb,n+1,n - 01><3

(74)

Eqg. (78) is a linear homogeneous differential equation and
to have a solution for any nonzero solution, the value of the
determinant of the characteristic equation S,.;, must be
Zero.

Finally, S,.1, becomes a characteristic equation.

Agrum (@) = det(Spi1n) = 0 (79)

The RTMM has the advantage of overcoming numerical
instability of the transfer matrix method and suppressing the
propagation of the round-off error.

To make the numerical calculation easier, we must

overcome the asymmetric poles, so we can introduce the
following sign function:

(80)

the state vector Z;(x;) inthe whole section.

5. Computational Examples and Analysis

To analyze the effect of forces on the natural vibration
characteristics of the supercavitating underwater vehicle, the
following vehicle model were analyzed.

T
051 [——Venice Profiie| |
0 - -
0.5 .
| | | | |
0 1 2 3 4 5 6

L(x), m

Figure 3. Model of supercavitating underwater vehicle.

The mass distribution, longitudinal stiffness distribution and transverse stiffness distribution of this term are shown in

Figures 4, 5 and 6.
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800 T T T

700 - b

0 I | I I |
0 1 2 3 4 5 6

L(x), m
Figure 4. Mass distribution of the vehicle along its length.

«10°

0 | I I I
0 1 2 3 4 5 6

L(x), m

EA

Figure 5. Longitudinal stiffness of the vehicle along its length.

0 I I | I I
0 1 2 3 4 5 6

L(x), m

Figure 6. Transverse stiffness of the vehicle along its length.

From Eq.(7)~Eq.(13), the cavitation profiles of the vehicle versus cavitation number variations when the attack angle of the
cavitator is 10 degrees are shown in Figure 7.
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0 2 4 6 8 10 12 14 16 18
L(x), m

Figure 7. Characteristics of the cavitation profile variation of the vehicle versus cavitation number variation when the attack angle of the
cavitator is 10 degrees.

Then the longitudinal force characteristic acting on the vehicle is as follows.

x10*

2 1 | 1 | 1

0 1 2 3 4 5 6
L(x), m

Figure 8. Longitudinal Force Characteristics on a Supercavitating Underwater Vehicle.

For ¢ =0.025, 6zrum from the characteristic equation of the Riccati transfer matrix method is

3[) T T T T T T
RTMM
| ,J ~ A M r'J‘| — ] — ) O Natural freq |~
20 L i } } -
10 5
N
T
=
= 0dEmnod i d o0 ¢ d D -
=
&
-10 4
-20 f Y I\T L ‘T L - L l \ o i l | | ‘ 4
yUNHSYS 9y UL UL
_30 | 1 1 1 | | 1
0 200 400 600 800 1000 1200 1400 1600
Frequency, Hz

Figure 9. Solution of the characteristic equation when the cavitation number o is 0.025.

10
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For g = 0.025, the vibration modes with respect to the
axial force are

X(x)
T T T T
L5 S — -
01705 == T — — zna| |
____ 3rd
047} prnmasmmemmsen ; ]
0.1695 : 1
0.169 - e .
01685 " 1
¥ Il L Il Il L
0 1 2 3 4 5
L(x), m

Figure 10. The x-direction mode considering axial force for
cavitation number 0.025.

Y(x)

08

06

P —

04 = == +2nd

2 F /\.ef"‘——
e
o . >
7 ~.
02k / .

04 T I | | | | .

L(x), m

Figure 12. Rotating angle mode with cavitation number 0.025.

For o = 0.025, the internal force diagram of the natural
vibration considering the axial force is

%108 Qx(x)
4 T T T
— st
2+ = = +2nd
3rd
[ — —_—— = = i
2+t 4
4 | I I I |
0 1 2 3 4 5 6
L(x), m

Figure 13. The x-axis compressive force with cavitation number
0.025.

x10% Qy(x)
T T
57 — st
- = :2nd
— - 3rd
-
‘/’- o~ ’r" "-.J;
0 ~ > )
-~ -
~ei_ L~
St . . . E
0 1 2 3 4 5 6
L(x), m

Figure 14. Y-axis shear force with cavitation number 0.025.

4 %105 Mz(x)
T T
— st
2F v - = :2nd| |
- SN 3rd
u_é=—:_'——_7 ~ —_—
0 N " -
~ -
~ -7
2 L ~ - - 4
4 1 1 1 | 1
0 1 2 3 4 5 6
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Figure 15. The z-axis moment with cavitation number 0.025.

When the vehicle velocity V = 80m/s and the attack
angle a = 10°, the natural frequencies with the change of
cavitation numbers are

Table 1. Results of natural frequency calculations with varying cavitation number:

Mode number(Hz)
Cavitation number

1 2 3
o =0.01 3.2334 10.527 9 20.669 5
o =0.012 3.236 7 10.529 0 20.6704
o =0.014 3.2393 10.530 4 20.6716
o =0.016 3.2423 10.5320 20.6730
o =0.018 3.2457 10.533 8 20.6745
o =0.02 3.2500 10.536 1 20.676 5

11

4 5 6

33.664 8 48.554 64.077 3
33.665 8 48.556 2 64.078 1
33.667 0 48.557 1 64.079 1
33.668 3 48.558 3 64.080 3
33.669 9 48.559 6 64.0817
33.6719 48.561 3 64.083 5
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Mode number(Hz)
Cavitation number

1 2 3 4 5 6
o =0.022 3.2737 10.550 3 20.687 9 33.682 2 48.570 1 64.092 3
o =0.025 3.3035 10.566 6 20.700 8 33.694 6 48.581 7 64.104 8

When the vehicle has the cavitation number ¢ = 0.025 and the attack angle of cavitator « is 10°, the natural frequencies
with the velocity variation are

Table 2. Results of the calculation of natural frequencies with velocity variations.

Mode number(Hz)
V(m/s)

1 2 3 4 5 6
20 3.348 6 10.627 4 20.778 0 33.800 4 48.784 8 643116
40 3.3329 10.6117 20.759 8 33.776 7 48.742 0 64.267 2
60 3.2999 10.5812 20.726 0 33.734 1 48.667 9 64.1912
80 3.2499 10.536 0 20.676 5 33.6719 48.561 3 64.083 5
100 3.1875 10.479 3 20.613 5 335917 48.423 0 63.946 2
120 3.107 4 10.407 9 20.534 3 33.4902 48.249 3 63.7779
140 3.006 2 10.319 8 20.436 7 33.364 8 48.037 3 63.578 2
160 2.8797 102127 203185 332122 47.783 2 63.3470

When the vehicle has velocity ¥V = 80m/s and cavitation number ¢ = 0.025, the natural frequency of the change in the
angle of attack of the cavitator is

Table 3. Results of natural frequency calculations with angle of attack variation.

Mode number(Hz)
a(®)

1 2 3 4 5 6
0 3.2495 10.534 9 20.674 5 33.668 7 48.554 6 64.076 7
5 3.248 4 10.534 5 20.674 5 33.669 0 48.5559 64.078 0
10 3.2500 10.536 1 20.676 5 33.6719 48.561 3 64.083 5
15 3.2558 10.540 7 20.681 5 33.678 1 48.571 5 64.093 7
20 3.2643 10.547 4 20.688 6 33.686 8 48.585 4 64.107 8
25 3.274 6 10.5557 20.697 4 33.697 5 48.602 6 64.1252
30 3.286 6 10.565 2 20.707 5 33.709 9 48.622 4 64.1452

When the vehicle has velocity V = 80m/s, cavitation number ¢ = 0.02, and attack angle of cavitator a« = 10°, the natural
frequency depending on the position of the stabilizer fin is

12
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Table 4. Calculation results of natural frequencies according to the position of the fin.

Mode number (Hz)
Xfin(m)

1 2 3 4 5 6
5 3.2500 10.5361 20.6765 33.6719 48.5613 64.0835
5.2 3.2729 10.5507 20.6844 33.6753 48.5623 64.0845
5.4 32856 10.5601 20.6913 33.6804 48.5653 64.0865
5.6 3.2989 10.5704 20.6996 33.6876 48.5707 64.0912
5.8 3.3253 10.5916 20.7051 33.7051 48.5853 64.1060

The natural frequencies of the supercavitating underwater vehicle with the mass change of the system at the beginning and at

the end of the launch are as follows.

t=0s
—1t=10s

3
L(x), m

Figure 16. Mass distribution along the length at the beginning stage t=0s and at the steady state t=10s.

Then, the axial compressive force distribution is calculated as follows:

x10*

t=0s
—1=10s

.\'

3

5 6

L(x), m

Figure 17. Axial compression force distribution.

Hence, the natural frequency characteristic is analyzed as follows:
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Table 5. Results of the calculation of natural frequencies in the starting stage and the steady-state stage.

Mode number(Hz)
V(m/s) o X fin (m) To(N) a®) 1 2 3 4 5 6
20 0.02 5 120 000 10 2.4221 10.075 5 20.343 7 33.408 0 48.453 2 63.985 8
150 0.01 5 50 000 5 3.6935 11.888 0 24.246 2 38.804 2 55.630 2 74.299 8
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